Abstract A polymorphism in the coding sequence of the SRY gene was found by single-strand conformation polymorphism (SSCP) and direct sequencing analysis. The new allele of the SRY gene, which is raised by a C-to-T transition in the 155th codon, was found in 24% of Honshu, 35% of Okinawan, and 51% of Korean males respectively, whereas it was not observed among 16 Caucasian and 18 Negroid males. A haplotype analysis of the Y chromosome was carried out in Japanese, Korean, Caucasian and Negroid populations, using a combination of the polymorphisms in SRY, DXYS5Y, DYS287, and DXYS241Y loci. The results indicated that the Y chromosomes can be classified into seven haplotypes (Ia, Ib, Ic, IIa, IIb, III, IV). However, of these seven, only four (Ia, IIa, III, IV) were observed in the Japanese population. Furthermore, the presumed haplotype C, Y1, YAP, (CA) 14 , from which haplotype III was probably derived, was not found in any populations in this study. The regional distribution of each haplotype revealed that type III is more frequently observed in Okinawa (16%) and in Korea (21%) than in Honshu (4.4%). The haplotype analysis of the Y chromosome may contribute to the exploration of the origin of Japanese and the relationship between east Asian populations.
Introduction
The Y chromosome has unique characteristics because it is a single haploid unit in the human genome that is passed only from father to son. Thus it represents the patrilineal contribution to the male genome. DNA markers residing in the non-recombining portion of the human Y chromosome were shown to be useful for tracing male-specific gene flow and also in human evolution studies (Poobo 1995; Dorit et al. 1995; Jobling and Tyler-Smith 1995; Hammer 1995; Whitfield et al. 1995; Thomas et al. 1998) .
Most of the Y chromosome polymorphisms are known to be specific to populations (Nakahori et al. 1989; Torroni et al. 1994; Seielstad et al. 1994; Jobling et al. 1994; Mathias et al. 1994; Pena et al. 1995; Underhill 1996) . The YAP (Y chromosome Alu insertion polymorphism) at locus DYS287 is found among sub-Saharan African, North African, and European populations, while most Asian populations other than the Japanese lack the YAP element (Spurdle et al. 1994; Hammer and Horai 1995) . On the other hand, the 47z/StuI polymorphism at locus DXYS5Y (Nakahori et al. 1989 ) was found in Japan, Korea, and Taiwan, but was absent in other populations (Nakagome et al. 1992; Lin et al. 1994) . DXYS241Y is a polymorphic CA dinucleotide repeat located on the X-Y homologous region shown to be useful for analysis of the human Y chromosome lineage (Kotliarova et al. 1999) .
During a study of patients with abnormal sex differentiation, we found a novel polymorphism in the SRY (sex determining region Y chromosome) gene. Here we report the polymerase chain reaction (PCR)-based detection of this polymorphism, as well as the newly developed 47z/StuI PCR systems. A haplotype analysis, including SRY, 47z/ StuI, and YAP allowed us to set the order of the appearance of these polymorphisms. The origin of Japanese males and evolution of the Y chromosome are discussed.
Materials and methods
DNA extraction. Genomic DNAs were prepared from peripheral leukocytes according to the standard method (Maniatis et al. 1989) . The samples from Japanese were collected from volunteer donors in Honshu (mainly from Tokyo) and Okinawa in Japan. The blood samples of Caucasians and Negroids were previously described elsewhere (Nakagome et al. 1992) .
PCR conditions. The reaction was performed in a total volume of 20 µl containing 66 ng genomic DNA, 1.5mM MgCl 2 , 10 mM TrisHCl-buffer (pH8.3), 50 mM KCl, 0.001% (w/v) gelatin, 0.25 mM of each dNTP, 1µM of each primer, and 0.1 U Ampli Taq DNA polymerase. It consisted of a cycle of 94°C for 3 min, 55°C for 2 min, and 72°C for 2 min, followed by 25 cycles of 94°C for 1 min, 55°C for 2 min, and 72°C for 2 min, and a final extension at 72°C for 12 min.
The YAP element and the polymorphism on the DXYS241Y locus were detected using a PCR technique according to the methods described by Hammer and Horai (1995) and Kotliarova et al. (1999) , respectively.
Single-strand conformation polymorphism (SSCP) analysis. SSCP was performed in a total volume of 5 µl containing 33 ng genomic DNA, 1.5mM MgCl 2 , 10mM TrisHCl-buffer (pH8.3), 50mM KCl, 0.001% (w/v) gelatin, 0.25 mM of each dNTP, 1 µM 32P-dATP (Amersham, Arlington, Heights, IL, USA), 1 µM of each primer, and 0.1 U Ampli Taq DNA polymerase (Perkin-Elmer, Norwalk, CT, USA). The reaction consisted of a cycle of 94°C for 3 min, 65°C for 2 min, and 72°C for 2 min, followed by 25 cycles of 94°C for 1 min, 65°C for 2 min, and 72°C for 2 min, and a final extension at 72°C for 12 min. Five µl of formamide dye (95% formamide, 20 mM ethylenediaminetetraacetic acid (EDTA), 0.05% bromophenol blue, 0.05% xylene cyanol) was added to 5 µl of radioactive PCR products. After denaturing the PCR products at 95°C for 5 min, we loaded them (3 µl) onto 6% acrylamide gel containing 5% glycerol. Electrophoresis was carried out at room temperature for 2.5 h at 35-40 W in 1 ϫ TBE (45 mM Tris-Borate, 1 mM EDTA). The gels were dried and exposed to X-ray films overnight.
Direct sequencing analysis of SRY.
Single-stranded template DNA was prepared using a biotinylated primer, as described (Hultman et al. 1989; Iida et al. 1994 ). The dideoxy termination method was carried out, using the Sequenase-sequencing kit (USB) and S 35 -dATP (Amersham).
Results

SRY polymorphism.
Since the primers we have been using for the screening of the SRY mutation produced little shift of a band, other primers were designed, according to the nucleotide sequence reported by Su et al. (Su et al. 1993 ). When we used the primers SRY13: 5Ј-GCCGAAGAATTGCAGTTTGC and SRY14: 5Ј-GTTGATGGGCGGTAAGTGGC, the two alleles resolved well. PCR-SSCP analysis of the SRY is shown in Fig. 1A . The direct sequence analysis revealed a synonymous mutation raised by a C-to-T transition at the 155th codon serine from the initiation codon methionine. This substitution abolishes the site of BsoFI endonuclease. To detect the difference of the BsoFI restriction site, the SRY gene was amplified by the primers SRY13 and SRY14 and digested with BsoFI (Fig. 1B) . The allele harboring the same sequence as that published (Su et al. 1993 ) was designated as the C allele, and the other allele as the S allele. The S allele was present in 89 (32%) of the 277 Japanese and 20 (51%) of the 39 Korean males, respectively, while it was absent in both the 16 Caucasian and the 18 Negroid males. The frequency of the S allele was not significantly different between Honshu (26%) and Okinawa (35%) males ( 2 test; P ϭ 0.1).
System for 47z/StuI polymorphism. The probe p47z detects polymorphisms on the short arm of the Y chromosome and long arm of the X chromosome (Nakahori et al. 1989) . When genomic DNAs were digested with StuI, the Y chromosome polymorphism was detected by Southern hybridization, and either a 17-kb (Y1) or a 5.3-kb (Y2) band was observed. The surrounding sequence of the StuI polymorphic site was determined from the cosmid clone positive for the probe. Since the polymorphic site was in an Alu repeat sequence, we tried two pairs of primers for a long product and a short product. Both of them worked well. The primers for the long product are NS1-F: 5Ј-TTTGCTTCTCATTTCATCTG and NS1-R: 5Ј-TTAGATGAATTGTTGTGCTG. The primers for the short product are NS2F: 5Ј-TGAGTCAATGTCAATGA-ATC and NS2R: 5Ј-TAGTTACGCCTTGGCATAAC. The alleles were separated by the digestion with StuI (Fig. 2) .
The observed frequency of the Y2 allele in Honshu males (21.1%) was similar to that in Okinawans (19.8%) ( 2 test; P ϭ 0.8). In Koreans, it was higher (31%) than previously reported (Nakagome et al. 1992) .
Analysis of YAP.
The YAP polymorphism was detected in 31% (28) of Honshu and 34% (64) of Okinawan males. These frequencies were lower than those previously reported by Hammer (Hammer and Horai 1995) . In the Caucasian and Negroid males, the YAP elements were observed at frequencies of 72% and 25%, respectively.
Haplotype analysis of the SRY, 47z/StuI, YAP, and DXYS241Y polymorphisms. The haplotypes of 90 Y chromosomes in Honshu and 187 chromosomes in Okinawan males were constructed using a combination of SRY, 47z/ StuI, YAP, and DXYS241Y polymorphisms. The result of the haplotype analysis is summarized in Table 1 . The Y chromosomes possessing the C allele always have the Y1 allele and can be divided into two groups based on the YAP (haplotypes I and II). Furthermore, haplotype I can be divided into three subtypes (Ia, Ib, and Ic), and haplotype II Fig. 1 . A Single-strand conformation polymorphism (SSCP) analysis of the SRY polymorphism using primers 13 and 14. The upper bands show the S alleles, and the lower ones the C alleles. B Polymerase chain reactionrestriction fragment length polymorphism (PCR-RFLP) analysis of the polymorphism using BsoFI endonuclease. The C allele has a BsoFI site and gives a 99 bp band. The S allele does not have a BsoFI site and gives a 148 bp band. Lanes 1, 4, 6, and 7 show the C alleles and lanes 2, 3, and 5 the S alleles into two (IIa and IIb) based on the polymorphism of the DXYS241Y locus, respectively. The Y chromosomes with the S allele are always YAP-and (CA) 14 , while they can be divided into two groups based on the 47z/StuI polymorphism (haplotypes III and IV). The constant association of the Y2 allele with the YAP-allele is consistent with the observations of Hammer et al. (Hammer and Horai 1995) . The frequency of haplotype III was significantly higher in the Okinawan than in the Honshu population ( 2 test; P ϭ 0.008).
Furthermore, some blood samples derived from Koreans, Caucasians, and Negroids were also analyzed (Table 1) . Although haplotypes III and IV were not observed in any samples from Caucasians and Negroids, they were detected in 51% of the blood samples from Koreans.
Regional distribution of the haplotypes on the Y chromosome in Okinawa.
The frequencies of each haplotype were determined in Okinawa, including the areas of Itoman, Yomitan, Katsuren, Gushikami, Iriomote, and Hateruma region of the SRY gene. In the nucleotide sequences of the chimpanzee, gorilla, and orangutan, the code for the 155th codon serine is AGC (Whitfield et al. 1993) . Therefore, the S allele with the codon AGT may be the result of a recent substitution.
Questions arise as to the order of the appearance of the polymorphisms. The fact that the Y2 allele is always associated with the S and YAPϪ alleles indicates that it arose on the Y chromosome having both of these alleles. Since the S allele is always associated with YAPϪ, but YAPϪ is not always associated with the S allele, the S allele may have arisen on the Y chromosome having the YAPϪ allele. Hammer hypothesized that a YAP insertion occurred once in the evolution (Hammer 1994; Hammer and Horai 1995; Hammer 1995) . If this is the case, we can assume that the original haplotype was C,Y1,YAPϪ (haplotype I) and the branching of the YAPϩ (haplotype II) and S allele (haplotype III) happened independently in different Y chromosomes. The Y chromosomes with S,Y2,YAPϪ (haplotype IV) alleles were branched off from haplotype III (Fig. 3) .
Based on the constructed haplotypes, we determined the frequency of each haplotype in Japanese, Caucasian, Negroid, and Korean populations. The Y chromosomes with YAP (haplotype IIa) were observed in 34.2% of Okinawans. This frequency was different from the one previously reported by Hammer and Horai (1995) . However, even within Okinawa, the frequency of the Y chromosome with YAP ranges from 47.5% in Iotman to 0% in Hateruma. So the area for the blood sampling in Okinawa may be different between ours and Hammer's. Okinawa is part of the route across the East China sea and consists of many islands. Therefore, we may assume gene flow from China, Taiwan, Japan, and Korea into the islands. In any event, it is necessary to analyze larger numbers of samples to determine accurately the frequencies of each haplotype of the Y chromosome in Okinawa.
Although we found no Y chromosomes with YAPϩ in our Korean samples, Y chromosomes harboring YAPϩ in a very small population of Koreans were recently reported (Kim et al. 1998) .
Reports have revealed that haplotype analysis of the Y chromosome is able to provide clues as to the origin of some Fig. 2 . Detection of the 47z/StuI polymorphism using primers NS2-F and NS2-R. Odd lanes indicate undigested PCR products, and even lanes digested products. The common 370 bp products are derived from both the X chromosome and the Y chromosome. However, in the individuals with the Y2 allele (samples 1 and 3), the products were digested with StuI, which resulted in short fragments (Table 2) . Although haplotype III was observed at a very low frequency in Honshu (4.4%), it was more frequent in Yomitan (22%), Katsuren (17%), and Iriomote (40%).
Discussion
We have found a novel polymorphism in the SRY gene and developed a PCR-based detection system for it, as well as the 47z/StuI polymorphism. With these and the polymorphisms of YAP and DXYS241, a novel (CA) n X-Y homologous locus, we constructed the haplotype of the Y chromosome in different populations and classified the Y chromosome into seven types.
To date, some polymorphisms of the SRY gene have been reported to locate in the non-coding region (Jobling and Tyler-Smith 1995; Hurles et al. 1998 ). On the other hand, the newly found polymorphism resides in the coding historically important family and human populations (Bamshad et al. 1998; Thomas et al. 1998) . The history of the Y chromosome is different from that of mt DNAs, reflecting social histories, such as mating structures and the differential behavior of males and females in migrations, wars, and colonizations (Bamshad et al. 1998; Jobling and Tyler-Smith 1995) . The geological distribution of these polymorphisms is a matter of interest, since the era in which each polymorphism is generated differs.
We have previously reported that the distribution of the Y2 allele is restricted to certain regions of east Asia, such as Japan, Taiwan, and Korea (Nakagome et al. 1992; Lin et al. 1993) . As the Y2 allele is always associated with the S allele, it would be worth exploring the distribution of the S allele. Interestingly, the possible haplotype C,Y1,YAPϪ, (CA) 14 , from which haplotype III is presumably derived, was not observed in any samples in this study. Therefore, studying the distribution of the S allele and the presumed haplotype C,Y1,YAPϪ, (CA) 14 in Asia or other regions of the world may provide a clue as to the origin of the east Asian people, including the Japanese.
We carried out a haplotype analysis of the Y chromosome in a Japanese population by a newly developed PCR-based analysis of two polymorphisms on the Y chromosome. The construction of haplotypes using these PCR-based polymorphisms will be useful for pursuing the origin of the Japanese and the relationship between east Asian populations, and will contribute to the evolutionary tree of the modern human Y chromosome.
